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Supplementary Figure 1
Overview of the prime editing principle
Schematic representation of the pegRNA structure and the mechanism by which a pegRNA 
molecule binds to genomic DNA to instruct PE2 (Cas9-reverse transcriptase fusion complex) 
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template. The PE3 strategy adds a nick in the non-edited strand to enhance incorporation of 
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Protocol for comparing PE3 to HDR in DGAT1

Transfection FACS
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0.25 mM Cu2+ 3LFN�6HT
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7 days -Rspo1

Transfection FACS
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Protocol for comparing PE3 to ABE-NG

Supplementary Figure 2
Representative FACS plot example and different protocols used in this study
a��5HSUHVHQWDWLYH�)$&6�SORW�DQG�JDWLQJ�VWUDWHJ\�WR�VRUW�WUDQVIHFWHG�FHOOV��6RUWLQJ�RI�WUDQVIHF-
ted cells was based on co-transfection with a GFP-reporter plasmid in all transfection expe-
riments. b��:RUNÀRZ�DQG�WLPHOLQH�IRU�WUDQVIHFWLRQ�RI�RUJDQRLG�FHOOV��VHOHFWLRQ�RI�VLQJOH�WUDQV-
IHFWHG�FHOOV��DQG�FKDUDFWHUL]DWLRQ�RI�SULPH�HGLWLQJ�HI¿FLHQF\�LQ�FORQDOO\�H[SDQGHG�FHOOV��1RWH�
WKDW�WKH�ZRUNÀRZ�XVHG�IRU�SULPH�HGLWLQJ�RI�CTNNB1 does not contain FACS-based selection of 
WUDQVIHFWHG�FHOOV��EXW�LQVWHDG�VHOHFWV�IRU�CTNNB1 mutants based on withdrawal of R-spondin 
1 (Rspo1). c��6DQJHU�YDOLGDWLRQ�RI�SUHFLVH���ES����ES��DQG����ES�GHOHWLRQV�LQ�SLFNHG�FORQHV�
from CTNNB1�SHJ51$�6�(���6�(���DQG�6�(���UHVSHFWLYHO\��66&��VLGH�VFDWWHU��)6&��IRUZDUG�
VFDWWHU��2$��ROHLF�DFLG��
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Supplementary Figure 3
Generation of ABCB11D482G by prime editing (PE3)
Design of pegRNA and Sanger validation of generation of the pathogenic ABCB11D482G 
mutation in liver organoids. Note that ABCB11D482G LV�FUHDWHG�E\�DQ�$ĺ*�VXEVWLWXWLRQ�DW�
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Supplementary Figure 4
Analysis of editing byproducts after prime editing in HEK293T cells, Caco-2 cells, and liver 
and intestinal organoid cells
$OOHOH�IUHTXHQF\�WDEOHV�RI�WKH�HEK3 and CTNNB1 locus after prime editing (PE3) to generate a 
��ES�DQG���ES�GHOHWLRQ��UHVSHFWLYHO\��GLUHFWO\�XSVWUHDP�IURP�WKH�SHJ51$�QLFNLQJ�SRVLWLRQ��)RU�HDFK�
FHOO�W\SH��WUDQVIHFWLRQ�DQG�KLJK�WKURXJKSXW�DPSOLFRQ�VHTXHQFLQJ�ZDV�SHUIRUPHG�LQ�WKUHH�UHSOLFDWHV��
8QZDQWHG�E\SURGXFWV�WKDW�RFFXUHG�DW�D�IUHTXHQF\�RI�!�����ZHUH�JURXSHG�E\�SDWWHUQ�WR�YL]XDOL]H�
RFFXUHQFH�LQ�HDFK�FHOO�W\SH��1RWH�WKDW�FRPPRQ�XQZDQWHG�E\SURGXFW�SDWWHUQV�RFFXU�LQ�DOO�FHOO�W\SHV��
but generally at a very low rate (<1%). 
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Deletionbold

HEK3 unwanted byproduct analysis

CTNNB1 unwanted byproduct analysis

Nicking location
of pegRNA
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Supplementary Figure 5
Functional correction of DGAT1S210del by prime editing (PE3)
a, /HIW�SDQHO�UHSUHVHQWV�RXWJURZWK�RI�VLQJOH��)$&6�VRUWHG�SDWLHQW�GHULYHG�LQWHVWLQDO�RUJDQRLG�FHOOV�
after transfection with GFP-reporter plasmid only or with GFP-reporter plasmid and PE3 plasmids. 
5LJKW�SDQHO�UHSUHVHQWV�UHODWLYH�RUJDQRLG�VL]H�DW�GD\���DIWHU�VHHGLQJ��ZKLFK�ZDV�XVHG�DV�D�SUR[\�
WR�TXDQWLI\�SUROLIHUDWLRQ�FDSDFLW\�RI�RUJDQRLG�FHOOV�LQ�HDFK�FRQGLWLRQ��'DWD�DUH�UHSUHVHQWHG�DV�
mean values +/- S.D. of three independent experiments. b, 5HSUHVHQWDWLYH�EULJKW¿HOG�LPDJHV�RI�
DGAT1S210del�SDWLHQW�RUJDQRLGV�DIWHU�H[SRVXUH�WR���P0�ROHLF�DFLG�IRU����KRXUV��ZLWKRXW��*)3�RQO\��
and with prime editing (PE3/PE3b). PAM mut stands for conditions in which the PAM-site was 
mutated by prime editing. White arrowheads indicate surviving organoids. White scale bars are 
500 µm. PE3+m: PE3 with introduction of PAM mutation. Source data are provided as a Source 
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Supplementary Figure 6
Prime editing (PE3) and Cas9-mediated HDR to correct DGAT1S210del

a��'HVLJQ�RI�WKH�SHJ51$V�XVHG�LQ�3(��WR�UHSDLU�WKH�DGAT1S210del  mutation in patient-derived 
intestinal organoids. Sanger validation of the mutation before editing and after editing in two 
clonally expanded organoid lines with monoallelic and biallelic repair. Note that PE3+mutation 
of the PAM results in a silent mutation. b��'HVLJQ�RI�WKH�VJ51$�XVHG�WR�UHSDLU�DGAT1S210del  
PXWDWLRQ�WKURXJK�&DV��LQLWLDWHG�+'5��$�KRPRORJ\�WHPSODWH�RI������QXFOHRWLGHV�ÀDQNLQJ�WKH�
'6%�ZDV�XVHG��ZKLFK�FRQWDLQHG�VLOHQW�PXWDWLRQV�WR�HQKDQFH�HGLWLQJ��6DQJHU�YDOLGDWLRQ�RI�WKH�
single clone with biallelic repair. c� Western blot validation of 5 prime edited (PE) clones. d��
Dot blot validation of HDR corrected clones; Pt: DGAT1S210del patient organoids; HC: healthy 
control organoids; HDR#9: DGAT1S210del SDWLHQW�RUJDQRLGV�DIWHU�+'5�FRUUHFWLRQ��FORQH�����([��
H[RQ��+'5��KRPRORJ\�GLUHFWHG�UHSDLU��3W��SDWLHQW��+&��KHDOWK\�FRQWURO�
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G G C A C C A T G A G T T G A C G T C G C G G T A G G A G A A G A G C T

C
26

W
25

S
24

N
23

V
22

D
21

R
20

Y
19

S
18

F
17

L
16

K
15

DGAT1
DGAT1-001 Exon 7

DGAT1-CCT-e1
DGAT1-correct-s1 TA...t TC...n

�����������	
���� DGAT1 Rev complement edit range

G G C A C C A T G A G T T G A C G T C G C G G T A G G A G A A G A G C T
��
�������	
���� 1E62ZAC309 (1E62ZAC309.ab1)

T G C G G C A T C A G T A G T C G T C G T G G T A G T A G A A G A G C T
��
�������	
���� 1E62ZAC312 (1E62ZAC312.ab1)

G G C A C C A T G A G T T G A C G T C G C G G T - - - A G A A G A G C T
��
�������	
���� 1E54ZAE387 (1E54ZAE387.ab1)
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G G C A C C A T G A G T T G A C G T C G C G G T A G G A G A A G A G C T
��
�������	
���� 1E62ZAC309 (1E62ZAC309.ab1)

T G C G G C A T C A G T A G T C G T C G T G G T A G T A G A A G A G C T
��
�������	
���� 1E62ZAC312 (1E62ZAC312.ab1)

G G C A C C A T G A G T T G A C G T C G C G G T - - - A G A A G A G C T
��
�������	
���� 1E54ZAE387 (1E54ZAE387.ab1)

Patient
S210del/S210del

V D R Y - F
GGCACCATGAGTTGACGTCGCGGT---AGAA
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�������	
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T G C G G C A T C A G T A G T C G T C G T G G T A G T A G A A G A G C T
��
�������	
���� 1E62ZAC312 (1E62ZAC312.ab1)

G G C A C C A T G A G T T G A C G T C G C G G T - - - A G A A G A G C T
��
�������	
���� 1E54ZAE387 (1E54ZAE387.ab1)

PE3 Clone 1
TGCGGCACCATGAGTTGACGTCGCGGTAGAA
GGCACCATGAGTTGACGTCGCGGTAGGAGAA

GGCACCATGAGTTGACGTCGCGGTAGGAGAA

S210del
WT

PE3 Clone 2
WT / WT
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DGAT1
DGAT1-001 Exon 7

DGAT1-CCT-e1
DGAT1-correct-s1

�����������	
���� DGAT1 Rev complement edit range

G G C A C C A T G A A T T C A C G T C G C G A T A G G A G A A
��
�������	
���� 1B96ZAG164 (1B96ZAG164.ab1)GGCACCATGAATTCACGTCGCGATAGGAGAA

GGCACCATGAGTTGACGTCGCGGT---AGAA

Ex 7Ex 8
DGAT1

Ex 6

Cas9-sgRNA nick

Repair template-introduced silent mutations 
in sgRNA binding site and PAM sequence

HDR Clone 9
corrected

Cas9-HDR
design

Ex 7Ex 8
DGAT1

Ex 6

GGCACCATGAGTTGACGTCGCGGTAGAA
spacer

extension

nick

GTAGGAGAA..
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T G C G G C A T C A G T A G T C G T C G T G G T A G T A G A A G A G C T
��
�������	
���� 1E62ZAC312 (1E62ZAC312.ab1)

G G C A C C A T G A G T T G A C G T C G C G G T - - - A G A A G A G C T
��
�������	
���� 1E54ZAE387 (1E54ZAE387.ab1)

Patient
S210del/S210del

V D R Y - F
GGCACCATGAGTTGACGTCGCGGT---AGAA

pegRNA 
design

V D R Y S F

V D R Y S F

N

N

a b

_ACTB

_DGAT1

_DGAT1 : _ACTB

d HDR#9

HC HCPtHDR#31

HC HCPt

HC HCPt

_ACTB
45 kDa

_DGAT1
55 kDa

S210del
S210del

PE cl.1Healthy
control

PE cl.2 PE cl.3 PE cl.4 PE cl.5S210del
S210del

c

HDR#9

HDR#9

HDR#31

HDR#31

PE3+m Clone 1
TGCGGCACCATGAGTTGACGTCGCGGTAGAA
GGCACCATGAGTTGACGTCGCGATAGGAGAA

S210del
WT + silent mut

GGCACCATGAGTTGACGTCGCGATAGAA
spacer

extension

nick

GTAGGAGAA..
pegRNA 

design + silent mut
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V D R Y S FN
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Template Alignment: 1E62ZAC326 (1E62ZAC326.ab1), 1E62ZAC328 (1...

T C C T C C G C T C A A A C A T T G G A A T T G T T T C

ABCB11
ABCB11-001 Exon 26
Ext-1

Ext-2

ABE-NG-oligo
Spacer 2

Spacer#1

Nickase PE3b

CGC...0)

�����������	
���� ABCB11 1153 edit range

T C C T C C A C T C A A A C A T T G G A A T T G T T T C
��
���� ��	
���� 1E62ZAC326 (1E62ZAC326.ab1)

T C C T C C G C T C A A A C A T T G G A A T T G T T T C
��
�������	
���� 1E62ZAC328 (1E62ZAC328.ab1)

T C C T C C A C T C A A A C A T T G G A A T T G T T T C
��
�������	
���� 1E62ZAC330 (1E62ZAC330.ab1)

TCCTCCACTCAAACATTGGAATTGT
spacer

TCCTCCGCTCAAACATTGGAATTGT

L R S N I G I

L H S N I G I
R1153H

ABCB11 R1153H (G>A) by ABE-NG
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Ext-1

Ext-2
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��
�������	
���� 1E62ZAC328 (1E62ZAC328.ab1)

T C C T C C A C T C A A A C A T T G G A A T T G T T T C
��
�������	
���� 1E62ZAC330 (1E62ZAC330.ab1)WT/R1153H

TCCTCCACTCAAACATTGGAATTGT

WT DNA

R1153H

TCCTCCGCTCAAACATTGGAATTGT

SERPINA1 E342K (G>A) by ABE-NG

CATCGACGAGAAAGGGACTGAAGC

E342K/E342K

WT/WT

WT DNA
E342K CATCGACAAGAAAGGGACTGAAGC

CATCGACAAGAAAGGGACTGAAGC
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C A T C G A C G A G A A A G G G A C T G A A G C

I
9

D
10
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11

K
12

G
13

T
14

E
15

A
16

ABE-NG-spacer

Nickase-PE3b
Extension

�����������	
���� SER342-PCR-amplicon-F1-R1

C A T C G A C A A G A A A G G G A C T G A A G C
��
�������	
���� 1E54ZAE011 (1E54ZAE011.ab1)

C A T C G A C G A G A A A G G G A C T G A A G C
��
�������	
���� 1E76ZAD331 (1E76ZAD331.ab1)

C A T C G A C G A G A A A G G G A C T G A A G C
��
�������	
���� 1E76ZAD336 (1E76ZAD336.ab1)

D K K G T E

CATCGACGAGAAAGGGACTGAAGC
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C A T C G A C G A G A A A G G G A C T G A A G C
��
�������	
���� 1E76ZAD331 (1E76ZAD331.ab1)
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��
�������	
���� 1E76ZAD336 (1E76ZAD336.ab1)

D E K G T E
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�����������	
���� SER342-PCR-amplicon-F1-R1

C A T C G A C A A G A A A G G G A C T G A A G C
��
�������	
���� 1E54ZAE011 (1E54ZAE011.ab1)

C A T C G A C G A G A A A G G G A C T G A A G C
��
�������	
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C A T C G A C G A G A A A G G G A C T G A A G C
��
�������	
���� 1E76ZAD336 (1E76ZAD336.ab1)

WT/E342K

Supplementary Figure 7
Correction of ABCB11R1153H and SERPINA1E342K by base editing
a, Design of the sgRNA used for adenine base editing (ABE) of the ABCB11R1153H mutation 
XVLQJ�$%(PD[�1*�LQ�OLYHU�RUJDQRLGV�GHULYHG�IURP�D�SDWLHQW�ZLWK�%6(3�GH¿FLHQF\��6DQJHU�
validation of monoallelic repair by ABE-NG b, Design of the sgRNA used for adenine base 
editing of the SERPINA1E342K mutation using ABEmax-NG in liver organoids derived from a pa-
WLHQW�ZLWK�DOSKD���DQWLWU\SVLQ�GH¿FLHQF\��6DQJHU�YDOLGDWLRQ�RI�PRQRDOOHOLF�DQG�ELDOOHOLF�UHSDLU�E\�
ABE-NG. The mutations in (a) and (b) were also targeted by PE3 but without success; related 
to Fig. 2g.

a b

ABE-NG clone

ABE-NG clone

ABE-NG clone
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Template Alignment: 1E76ZAD050=SF040_ATP7B_KO4=WT (1E76ZAD050=...

C T T G G A A A C C A C A G T G C T G G G A A T T C C A T G G T G

ATP7B

ATP7B-002 Exon 3

gRNA KO 1

Spacer

extension 1

PBS

extension 3

extension 2 nick 2

�����������	
���� ATP7B exon 3 edit range

C T T G G A A A C C A C A G T G C T G G G A A T T C C A T G G T G
��
�������	
���� 1E76ZAD050=SF040_ATP7B_KO4=WT (1E76ZAD050=SF040_ATP7B_KO4=WT.ab1)

C T T G G A A A C C A C A - T G T G G G A A A T T C C T G G G G G
��
�������	
���� 1E76ZAD052=SF040_ATP7B_KO6 (1E76ZAD052=SF040_ATP7B_KO6.ab1)

C T T G G A A A C C A C T G C T G C T A A T A C T T C G A T G C T
��
���� ��	
���� 1E76ZAD051=SF040_ATP7B_KO5 (1E76ZAD051=SF040_ATP7B_KO5.ab1)

CTTGGAAACCACAGTGCTGGGAATTCCATGGTG

CTTGGAAACCACTGTTGCTGGGAATTCCATGGT+1bp

WT:

-2bp CTTGGAAACCACAGCTGGGAATTCCATGGTGCA

No KO

KO #1

TGGAAACCACAGTGCTGGGAATTCCATGGT5’ 3’

Ex 3Ex 2 Ex 4

ATP7B

Cas9-sgRNAnick
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gRNA KO 1

Spacer

extension 1

PBS

extension 3

extension 2 nick 2
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�������	
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C T T G G A A A C C A C A - T G T G G G A A A T T C C T G G G G G
��
�������	
���� 1E76ZAD052=SF040_ATP7B_KO6 (1E76ZAD052=SF040_ATP7B_KO6.ab1)

C T T G G A A A C C A C T G C T G C T A A T A C T T C G A T G C T
��
���� ��	
���� 1E76ZAD051=SF040_ATP7B_KO5 (1E76ZAD051=SF040_ATP7B_KO5.ab1)

CTTGGAAACCACA-TGCTGGGAATTCCATGGTG-1bp
-2bp CTTGGAAACCACA-GCTGGGAATTCCATGGTGC

KO #2
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Supplementary Figure 8
Validation of a functional assay for ATP7B function
a, Design of the sgRNA used to create indels in exon 3 of ATP7B LQ�OLYHU�RUJDQRLGV��GHULYHG�
IURP�KHDOWK\�FRQWUROV��XVLQJ�D�FXWWLQJ�&DV���6DQJHU�YDOLGDWLRQ�RI�WZR�FORQDO�ATP7B  knock-out 
�.2��OLQHV��VKRZLQJ�KHWHUR]\JRXV�IUDPHVKLIW�PXWDWLRQV��b, Propidium Iodide staining on wildty-
pe and ATP7B knock-out liver organoids after copper exposure. Ex: exon.
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Supplementary Figure 9
PegRNA designs used for correction of ATP7BS410fs

Schematic overview of the different pegRNAs used in an effort to correct ATP7BS410fs mutations in 
OLYHU�RUJDQRLGV�GHULYHG�IURP�D�:LOVRQ�GLVHDVH�SDWLHQW��1RWH�WKDW�WKH�VDPH�VSDFHU�ZDV�XVHG��EXW�
YDULRXV�3%6�DQG�57�WHPSODWH�OHQJKWV�ZHUH�WHVWHG��3%6��SULPHU�ELQGLQJ�VLWH��57��UHYHUVH�WUDQ-
scriptase template.
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Supplementary Figure 10
Prime editing induces no genome-wide off-target effects
a, )LQJHUSULQWLQJ�RI�ZKROH�JHQRPH�VHTXHQFHG�VDPSOHV�YDOLGDWHV�VKDUHG�GRQRU�RULJLQ�RI�EXON��XQHGLWHG�QHJD-
WLYH�FRQWURO��1&���DQG�SULPH�HGLWHG��3(����DQG�3(�����RUJDQRLG�OLQHV��b, Rainfall plots of prime edited clonal 
RUJDQRLG�OLQHV��(YHU\�QHZ�PXWDWLRQ��UHODWLYH�WR�WKH�EDFNJURXQG�EXON�OLQH��LV�LQGLFDWHG�ZLWK�D�GRW�DQG�LV�RUGH-
red by genomic location on the X axis. The Y axis shows the genomic distance between each new mutation 
and the one prior to it (log scale). c, Reconstruction of the mutational signature of prime edited and unedited 
control samples by in vivo- and in vitro�VLJQDWXUHV�IURP�%ORN]LMO�HW�DO����������&RVLQH�VLPLODULW\��Į��LQGLFDWHV�KRZ�
ZHOO�WKH�UHFRQVWUXFWHG�VLJQDWXUH�UHVHPEOHV�WKH�VDPSOH�VLJQDWXUH��� �SHUIHFW����� �YHU\�ZHOO��� �QR�UHVHPEODQ-
ce). d, 2YHUYLHZ�RI�QHZ�YDULDQWV�LQ�WXPRU�VXSSUHVVRUV�DQG�RQFRJHQHV�IURP�&260,&��)RUEHV�HW�DO����������
Note that the disruptive in-frame deletions in CTNNB1 DUH�WKH�LQWHQGHG��FRUUHFW�PXWDWLRQV�RI�WKH�FORQDO�SULPH�
edited CTNNB1�RUJDQRLG�OLQHV��3(����DQG�3(������$OVR�QRWH�WKDW�SULPH�HGLWHG�VDPSOHV�GR�QRW�DFTXLUH�PRUH�
mutations in the considered genes compared to negative control (NC) samples of the same donor line.
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reveal any off-target hits in the predicted off-target protospacer
sequence or in the 100 flanking bases up- and downstream for
both R785X (Table S3A) and R553X (Table S3B), in all repaired
clones. Furthermore, no mutational hotspots (resulting from
off-target sgRNA-dependent ABE binding) were observed in
either of the samples on a genome-wide scale, as the rainfall
plot (Figure 4A) does not present a region of hypermutation,
shown by a cluster of dots at lower genomic distances. As the
sample size in our study is small and differences in organoids
culturing and propagation of individual clones are difficult to
control for, we used a mutational signature analysis (Alexandrov
et al., 2013a) to study base changes that could have been
caused independent of cognate sgRNA binding. Signatures of
repaired clones closely resembled those of the controls (cosine
similarity of 0.92) and did not show an increase in T > C SNPs
(the potential result of inadvertent, off-target ABE) (Figure 4B;
Figure S4). We did not observe an increased number of
mutations in highly transcribed regions, implying that the TadA

fusion proteins did not cause mutations in single-stranded
DNA segments, as may be present during transcription (Fig-
ure 4C). The main contributors to the total number of mutations
in the corrected organoid lines were signature 1 and 18, previ-
ously described to be caused by in vivo generated cell-divi-
sion-related mutations and in vitro-generated oxidative stress-
related mutations, respectively (Alexandrov et al., 2013a). The
mutational landscape of our SpCas9- and xCas9-ABE-repaired
clones resulted from a combination of these two phenomena,
as shown by a comparison to both in vivo (blood versus propa-
gated clone) and in vitro (propagated clone versus subclone)
WGS samples of the small and large intestine (Figure 4D). Finally,
we confirmed the absence of known oncogenic mutation by
comparison to a list of tumor suppressors and oncogenes ex-
tracted from COSMIC (Forbes et al., 2017), further supporting
the safety of ABE (Tables S4A and S4B).
The current study demonstrates the feasibility of selective

on-target base editing using ABE in human adult stem cells
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Figure 4. Off-Target Analysis of Adenine Base Editors
(A) Rainfall plots of repaired R553X and R785X clonal organoid lines. Every identified mutation is indicated with a dot (color according to mutation-type) and is

ordered on the x axis from chromosome 1 to chromosome 22. The Y axis shows the distance between eachmutation and the one prior to it (the genomic distance)

and is plotted on a log scale.

(B) The mutational signature analysis, showed by the difference of the relative contribution of context-dependent mutation types between the repaired organoid

lines (n = 6) and their respective unrepaired controls. The x axis shows al 96 context-dependent mutation types, a combination of the base substitution, and its

neighboring bases. The y axis shows the relative contribution of each context-dependent mutation type.

(C) Relative contribution of mutations in our samples occurring on transcribed or un-transcribed regions in the genome compared to in vitro and in vivo acquired

WGS datasets. The dark colored bars refer to the transcribed regions, while the light colored bars refer to the untranscribed regions.

(D) Mutational signature analysis of repaired organoid lines (n = 6) compared to an in vitro (n = 6) and in vivo (n = 6) dataset, and the relative contribution of the

observed mutational signatures (1 and 18) in each dataset (bars represent mean ± SD).
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reveal any off-target hits in the predicted off-target protospacer
sequence or in the 100 flanking bases up- and downstream for
both R785X (Table S3A) and R553X (Table S3B), in all repaired
clones. Furthermore, no mutational hotspots (resulting from
off-target sgRNA-dependent ABE binding) were observed in
either of the samples on a genome-wide scale, as the rainfall
plot (Figure 4A) does not present a region of hypermutation,
shown by a cluster of dots at lower genomic distances. As the
sample size in our study is small and differences in organoids
culturing and propagation of individual clones are difficult to
control for, we used a mutational signature analysis (Alexandrov
et al., 2013a) to study base changes that could have been
caused independent of cognate sgRNA binding. Signatures of
repaired clones closely resembled those of the controls (cosine
similarity of 0.92) and did not show an increase in T > C SNPs
(the potential result of inadvertent, off-target ABE) (Figure 4B;
Figure S4). We did not observe an increased number of
mutations in highly transcribed regions, implying that the TadA

fusion proteins did not cause mutations in single-stranded
DNA segments, as may be present during transcription (Fig-
ure 4C). The main contributors to the total number of mutations
in the corrected organoid lines were signature 1 and 18, previ-
ously described to be caused by in vivo generated cell-divi-
sion-related mutations and in vitro-generated oxidative stress-
related mutations, respectively (Alexandrov et al., 2013a). The
mutational landscape of our SpCas9- and xCas9-ABE-repaired
clones resulted from a combination of these two phenomena,
as shown by a comparison to both in vivo (blood versus propa-
gated clone) and in vitro (propagated clone versus subclone)
WGS samples of the small and large intestine (Figure 4D). Finally,
we confirmed the absence of known oncogenic mutation by
comparison to a list of tumor suppressors and oncogenes ex-
tracted from COSMIC (Forbes et al., 2017), further supporting
the safety of ABE (Tables S4A and S4B).
The current study demonstrates the feasibility of selective

on-target base editing using ABE in human adult stem cells
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Figure 4. Off-Target Analysis of Adenine Base Editors
(A) Rainfall plots of repaired R553X and R785X clonal organoid lines. Every identified mutation is indicated with a dot (color according to mutation-type) and is

ordered on the x axis from chromosome 1 to chromosome 22. The Y axis shows the distance between eachmutation and the one prior to it (the genomic distance)

and is plotted on a log scale.

(B) The mutational signature analysis, showed by the difference of the relative contribution of context-dependent mutation types between the repaired organoid

lines (n = 6) and their respective unrepaired controls. The x axis shows al 96 context-dependent mutation types, a combination of the base substitution, and its

neighboring bases. The y axis shows the relative contribution of each context-dependent mutation type.

(C) Relative contribution of mutations in our samples occurring on transcribed or un-transcribed regions in the genome compared to in vitro and in vivo acquired

WGS datasets. The dark colored bars refer to the transcribed regions, while the light colored bars refer to the untranscribed regions.

(D) Mutational signature analysis of repaired organoid lines (n = 6) compared to an in vitro (n = 6) and in vivo (n = 6) dataset, and the relative contribution of the

observed mutational signatures (1 and 18) in each dataset (bars represent mean ± SD).

6 Cell Stem Cell 26, 1–8, April 2, 2020

Please cite this article in press as: Geurts et al., CRISPR-Based Adenine Editors Correct Nonsense Mutations in a Cystic Fibrosis Organoid Biobank,
Cell Stem Cell (2020), https://doi.org/10.1016/j.stem.2020.01.019

bu
lk NC

PE3-1
PE3-2 bu

lk NC
PE3-1

PE3-2
0

30

60

90 1bp del

CTNNB1 DGAT1



pegRNA spacer sequence 3' extension sequence

PBS 
length 

(nt)

RTT 
length 

(nt) Figure

HEK3_del1-5 GGCCCAGACTGAGCACGTGA TGGAGGAAGCAGGGCTTCCTTTCCTCTGCCGTGCTCAGTCTG 13 29 1b,h, S4

HEK3_26CtoG GGCCCAGACTGAGCACGTGA TGGAGGAACCAGGGCTTCCTTTCCTCTGCCATCACGTGCTCAGTCTG 13 34 1c

CTNNB1_S1E1_del1-6 CAACAGTCTTACCTGGACTC TGGCACCAGAATGGATTTCCAGGTAAGAC 12 17 1d,e,g,h, S4

CTNNB1_S1E2_del3-5 CAACAGTCTTACCTGGACTC ACCAGAATGGATTCAGTCCAGGTAAGACTGT 15 16 1d,e,g

CTNNB1_S2E1_del4-12 CTGGCAGCAACAGTCTTACC TGGTAGTGGCACCAGAATGGTAAGACTGTTGCTGCC 15 21 1d,e,g

CTNNB1_S2E2_del4-18 CTGGCAGCAACAGTCTTACC TGGCACCAGAATGGATTCGGTAAGACTGTTGCT 12 21 1d,e,g

ABCB11-D482G-create CCATGCTCTCTAGGTGACCG AATGTCATGGCCACCTACGGTCACCTAGAGAGC 13 20 S3

DGAT1_ins9-11_GGA_S1E1 GGCACCATGAGTTGACGTCG AAGCTCTTCTCCTACCGCGACGTCAACTCA 10 20 2b,c,d, S5

DGAT1_ins9-11_GGA_S1E2 GGCACCATGAGTTGACGTCG AAGCTCTTCTCCTATCGCGACGTCAACTCA 10 20 2d, S5

ATP7B-del19-pegRNA1 CAGCACTGTGGTTTCCAAGA AGAAAGCTGTTCTACTAATCCTCTTGGAAACCACAGTGC 15 24 2k, S9

ATP7B-del19-pegRNA2 CAGCACTGTGGTTTCCAAGA TCCTAGAAAGCTGTTCTACTAATCCTCTTGGAAACCAC 10 28 2k, S9

ATP7B-del19-pegRNA3 CAGCACTGTGGTTTCCAAGA TAGAAAGCTGTTCTACTAATCCTCTTGGAAACCACAG 12 25 2k, S9

ABCB11-R1153H-correct-1 AAACAATTCCAATGTTTGAG CCAGTTCCTCCGCTCAAACATTGGAATTGT 12 18 2g, S7

ABCB11-R1153H-correct-2 CAATTCCAATGTTTGAGTGG TGTCCAGTTCCTCCGCTCAAACATTGGAAT 12 18 2g, S7

SERPINA1-E342K-correct TCCCCTCCAGGCCGTGCATA TCCCTTTCTCGTCGATGGTCAGCACAGCCTTATGCACGGCCTGGAG 12 34 2g, S7

Supplementary Table 1. Sequences of pegRNAs used in prime editing experiments. All sequences are shown in 5’ 
to 3’ orientation. pegRNAs are a concatenation of the spacer sequence, the sgRNA scaffold, and the 3’ extension 
(contains PBS and RT template (RTT)). 



nicking sgRNA (PE3) spacer sequence Figure

HEK3+90 GTCAACCAGTATCCCGGTGC 1b,c,h, S4

CTNNB1+86/+93 CCACTCATACAGGACTTGGG 1d,e,g,h, S4

ABCB11_482+80 ATGGTGGTAGAGAACAGAAC S3

DGAT1+46 GGGCTCCCTGCTGGCGCTGA 2b,c,d, S5

DGAT1_PE3b CCTACCGCGACGTCAACTCA 2d, S5

DGAT1_PE3b+PAMmut CCTATCGCGACGTCAACTCA 2d, S5

ATP7B_PE3b AGCTGTTCTACTAATCCTCT 2k, S9

ATP7B-420-39 TCCATGGTGCAAACTACAGA 2k, S9

ABCB11-R1153H+45/+42 CTCTATTGGCAGATGATAGA 2g, S7

SERPINA1-E342K+54 GGGTATGGCCTCTAAAAACA 2g, S7

base edit sgRNA (ABE-NG) spacer sequence Figure

ABCB11-R1153H CTCCACTCAAACATTGGAAT 2g, S7

SERPINA1-E342K ATCGACAAGAAAGGGACTGA 2g, S7

HDR sgRNA spacer sequence Figure

DGAT1_HDR_sgRNA GGCACCATGAGTTGACGTCG 2f, S6

HDR repair template HDR template sequence

DGAT1_HDR_template GCTGTGGAGGCCTGAGTCCACCTCTCCTGCAGTGGGCTCCCTGCTGGCGCTGATGGCGCACACCATCCTCTTCCT

CAAGCTCTTCTCCTATCGCGACGTGAATTCATGGTGTCGCAGAGCCAGGGCCAAGGCTGGTGAGGGGCTGCCAGG

GGCTGGGGCTGCCTGCTGGGGGGCTGGGCAGCAGCAGGGCCCCAC

Cas9-cutting sgRNA spacer sequence Figure

ATP7B_exon3-cas9-KO CCATGGAATTCCCAGCACTG S8

Supplementary Table 2. Sequences of nicking sgRNAs used in prime editing (PE3), HDR, Cas9-cutting, 
and base editing experiments. Sequence of HDR template used for HDR in   DGAT1 .



PCR and Seq primers primer sequence Figure

HEK3_PCR-Fw ATGTGGGCTGCCTAGAAAGG 1b,c

HEK3_PCR-Rv GGTGCTGAAAGCCACTGGGC 1b,c

HEK3_Seq-Fw GGGAAACGCCCATGCAATTAG 1b,c

CTNNB1-ex3-PCR-Fw AGCAGGAATCTAGTCTGGATGA 1f

CTNNB1-ex3-PCR-Rv ACTCACTATCCACAGTTCAGCA 1f

CTNNB1-ex3-Seq-Fw GGATGCAGTACCATTCTTCCAC 1f

ABCB11_482-PCR-Fw CCACAATGAATTGTTCTGCAGC S3

ABCB11-482_PCR-Rv CCTTCTATGACCTCTTAGTTTCTCC S3

ABCB11-482_Seq-Fw CCACATTTCAAGAGGAATTGTTTCC S3

DGAT1_PCR-Fw ATGCCTGGTTATTGGTGAGC 2b, S6

DGAT1_PCR-Rv TGAGCTCGTAGCACAAGGTG 2b, S6

DGAT1_Seq-Fw GCATTCCAGGTTGAGAAGCG 2b, S6

ATP7B_PCR-Fw CCCCGCATGCAGTAAGTATT 2h, S8, S9

ATP7B_PCR-Rv AACACAATGCCAGTTATACAAGGA 2i, S7, S8

ATP7B-Seq-Fw AGGTGAAGTTACGGGGTAGC 2i, S7, S8

ABCB11_1153-PCR-Fw CTGTAGAGCCAGAGTTCAGG 2g, S7

ABCB11_1153-PCR-Rv CATTCTACTTCTCCCCATCC 2g, S7

SERPINA1_342-PCR-Fw GTCAGGAAGATGGACAGAGG 2g, S7

SERPINA1_342-PCR-Rv GGCAGTTATTTTTGGGTGGG 2g, S7

HEK3_HTS-Fw ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNATGTGGGCTGCCTAGAAAGG 1h

HEK3_HTS-Rv TGGAGTTCAGACGTGTGCTCTTCCGATCTCCCAGCCAAACTTGTCAACC 1h

CTNNB1_HTS-Fw ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCAATCTACTAATGCTAATACTGTTTCG 1h

CTNNB1_HTS-Rv TGGAGTTCAGACGTGTGCTCTTCCGATCTAAGGACTGAGAAAATCCCTGTTC 1h

Supplementary Table 3. Sequences of PCR and sequencing primers used for amplification 
and sequencing of target regions. All sequences are shown in 5’ to 3’ orientation.


